ABSTRACT. The present study was conducted to examine the effects of culture systems and culture media on developmental competence and freezability of bovine embryos obtained by in vitro culture of in vitro matured and fertilized (IVM-IVF) oocytes. No significant difference was observed in the proportions of oocytes developed to blastocysts, the speed at which the oocytes reached the blastocyst stage and the number of cells, when the IVM-IVF oocytes were cultured in CR1aa with or without cumulus cells. Nevertheless, more of the IVM-IVF oocytes cultured either with or without cumulus cells in CR1aa were seen to reach the blastocyst stage much sooner than those cultured with cumulus cells in TCM199 (P<0.05). The proportion of embryos developed to the blastocyst stage by day 7 in CR1aa culture was significantly higher than embryos cultured in TCM199. Viability after frozen-thawed blastocysts were obtained in vitro, was seen in a significantly higher percentage of embryos cultured in TCM199 and developed to the hatched blastocysts than in those cultured in CR1aa (P<0.05). These results indicate that CR1aa was superior to TCM199 for the potential developmental of IVM-IVF oocytes to blastocysts during in vitro culture regardless of co-culture with or without cumulus cells. But the freezability of blastocysts developed in CR1aa was inferior to those developed in TCM199. KEY WORDS: culture medium, developmental competence, freezability, in vitro culture, in vitro produced bovine embryo.
In vitro culture of bovine embryos derived from IVM-IVF have succeeded in producing calves [10, 21] . An adequate in vitro culture system for bovine zygotes is required for large scale embryo production by IVM-IVF and genetic improvement by means of ovum pick-up and IVM-IVF. This culture system is used for the development and efficient utilization of embryonic techniques in cattle, for example for embryonic or somatic cell nuclear transfer and in transgenic animals. Bovine IVM-IVF zygotes were first cultured with cumulus cells [8, 10] , oviduct epithelial cells [9, 21] , granulosa cells [13] , amnion cells [2] and buffalo rat liver cells [36] in TCM199 supplemented with bovine serum, but there are many differences between in vitro produced bovine embryos and those produced in vivo. It was reported that in vitro produced embryos have darker cytoplasm and lower density [24, 25] . CR1aa medium was developed for in vitro culture of bovine IVM-IVF zygotes [15, 29, 30] , but the optimum culture system for IVM-IVF oocytes and freezability of blastocysts cultured in CR1aa still remain to be clarified. The chilling sensitivity should be considered as a factor affecting the quality of in vitro produced bovine blastocysts.
The aim of the present study was to examine the effects of culture systems and culture media on the development competence and the quality of bovine embryos obtained by in vitro culture of IVM-IVF oocytes.
MATERIALS AND METHODS

Collection of oocytes and in vitro maturation:
Bovine ovaries were obtained within 30 min after slaughter in a local slaughterhouse, immersed in physiological saline solution at 25°C and transported to the laboratory. Small follicles (2 to 6 mm in diameter) on the surface of the ovaries were punctured and aspirated with a 19-gauge hypodermic needle connected to a 5 ml syringe. Only oocytes with compact cumulus cells were selected, washed once with PB1 supplemented with 3% calf serum (CS; calf serum, GIBCO BRL, Gland Island, NY, U.S.A.), and then washed twice with 25 mM Hepes buffered TCM199 (Medium199, GIBCO BRL) supplemented with 5% CS (maturation medium). Oocytes (50 to 80) were cultured for 20 hr in a droplet of 600 µl maturation medium covered with mineral oil (E. R. Squibb & Sons, Inc., Princeton, NJ, U.S.A.) at 38.5°C at 99% relative humidity and in 2% CO 2 in air. Each medium contained 100 IU/ml penicillin G potassium (Meiji Seika Co., Tokyo, Japan) and 100 µg/ml streptomycin sulfate (Meiji Seika Co., Tokyo, Japan).
Sperm preparation and in vitro fertilization: Throughout the present study, semen was collected from only one Japanese Black bull. Spermatozoa were treated as described by Niwa and Ohgota [23] . Briefly, 0.5 ml straws were thawed in a water bath at 37°C and washed twice with 6 ml of BO medium (Brackett and Oliphant medium without glucose and bovine serum albumin) supplemented with 10 mM caffeine (caffeine sodium benzoate, Sigma Chemical, St. Louis, MO, U.S.A.) and 4 IU/ml heparin (Novo heparin, Kodama Chemical, Tokyo, Japan) by centrifugation (at 500 g for 5 min). After washing, the concentration of spermatozoa was adjusted to 12.5 × 10 6 spermatozoa/ml in the BO medium. The final concentration of sperm suspension was then adjusted to 6.25 × 10 6 spermatozoa/ml, 5 mM caffeine, 2 IU/ml heparin and 10 mg/ml BSA by adding the same volume of BO medium containing 20 mg/ml bovine serum albumin (BSA, crystallized and lyophilized, Sigma Chemical, St. Louis, MO, U.S.A.) without glucose, heparin or caffeine. Droplets with a volume of 100 µl of the sperm suspension covered with mineral oil were prepared, and about 20 in vitro matured oocytes were transferred to each droplet, then incubated for 5 h at 38.5°C, 2% CO 2 in air.
The oocytes subjected to insemination were used in the following three experiments. Experiment 1: The aim of Experiment 1 was to examine by three distinct culture methods the developmental competence of bovine embryos obtained by in vitro culture of IVM-IVF oocytes. After insemination, cumulus cells were removed in a modified CR1aa [18] supplemented with 5% CS by pipetting. Oocytes were allocated to the following three groups: oocytes which were cultured without cumulus cells in the modified CR1aa supplemented with 5% CS (Group 1), oocytes which were co-cultured with cumulus cells in the modified CR1aa supplemented with 5% CS (Group 2), and oocytes which were co-cultured with cumulus cells in TCM199 supplemented with 5% CS (Group 3) as a control. Oocytes suspended in Group 1 or Group 2 were cultured under a gas phase of 5% CO 2 in air with saturated humidity at 38.5°C. Oocytes suspended in Group 3 were cultured under a gas phase of 2% CO 2 in air with saturated humidity at 38.5°C in order to get a higher incidence of blastocyst [7] . In every group, 50 to 80 oocytes were placed in a 600 µl of droplet of in vitro culture medium under mineral oil. At 48 hr after insemination, the oocytes were examined for cleavage and development. On Days 7 to 9 after insemination, the rates of blastocysts were calculated.
Experiment 2: The aim of Experiment 2 was to calculate the number of cells in blastocysts derived from each group in Experiment 1. First, at 7 days after insemination, embryos were classified with respect to their developmental stage, late morulae, early blastocyst, blastocyst and expanded blastocyst. Second, the numbers of nuclei of embryos from each group were counted under a fluorescence microscope after they were dyed with hoechst 33342. Briefly, the zona pellucida was removed by using a 1% (w/ v) pronase solution. Denuded embryos were mounted with 2 to 3 µl of pronase solution on a slide glass, and 15 µl of hoechst 33342 was mixed with a droplet containing the denuded embryo on a slide glass, followed by mounting with a cover glass. The number of nuclei was taken as the number of cells.
Experiment 3: The aim of Experiment 3 was to examine the effect of freezing and thawing on survival of embryos which developed into blastocysts and further stages by Days 7 or 8 in Experiment 1. Embryos were equilibrated with 1.5 M ethylene glycol (EG) in PB1 supplemented with 20% fetal calf serum (FCS) for 15 min at room temperature followed by loading into a 0.25 ml plastic straw. The straw containing embryos was plunged into a -7°C ethanol bath of a programmable freezer (ET-UM, Fujiya Yano Science, Sapporo, Japan), seeded at -7°C, cooled to -30°C at the rate of -0.3°C/min after 8 min of holding at -7°C, and then plunged into liquid nitrogen [4] . The frozen straws were stored in liquid nitrogen for more than 24 hr and thawed by immersion in air for 10 sec and in water at 30°C for 10 to 20 sec. Ethylene glycol was removed from the embryos by 10 min-immersion in PB1 supplemented with 20% FCS warmed at 38.5°C. The embryos were cultured in 100 µl droplets of TCM199 supplemented with 20% FCS and 0.1 mM β-mercaptoethanol (TCM199-βME) after washing them with PB1 supplemented with 20% FCS (twice) and with the medium (once), under a gas phase of 5% CO 2 in air at 38.5°C [32] . The blastocysts, which were developed by the same culture method as Group 1, were cultured in TCM199-βME without freezing and thawing as a control. The criteria of embryo viability were defined as the number of embryos in which the blastocoele had re-expanded and its maintenance within 24 hr of culture, the number that had developed to the hatching blastocyst within 48 hr and the number that had developed to the hatched blastocyst within 96 hr.
Statistical analyses: Development and viability of embryos were analyzed by the chi-square test and ANOVA for arc sine transformed proportions. The numbers of cells in embryos were analyzed by Student's t-test. Table 1 shows the results of comparison of three distinct culture methods in relation to the cleavage rate and rate of development to blastocysts. No significant difference was observed among the three culture systems as to cleavage rates (76% to 81%). Rates of development to the blastocyst stage in Group 1 (49%) and Group 2 (46%) were significantly higher than that in Group 3 (39%; P<0.05). More than half developed to the blastocyst stage by Day 7 in Groups 1 and 2, but in Group 3 the highest proportion was found on Day 8. There were significant differences between the CR1 group (Group 1 (56%) , Group 2 (62%)) and the control (Group 3 (36%)) (P<0.05). On the other hand, the proportions of blastocysts developed on Day 8 in Group 1 (31%) and Group 2 (30%) were lower than that in Group 3 (48%; P<0.05).
RESULTS
Experiment 1:
Experiment 2:
The numbers of cells which developed to compact morulae, early blastocysts, blastocysts and expanded blastocysts were counted. The proportions of embryo development are shown in Table 2 . The proportions of embryos which developed to the blastocyst stage and onwards in Groups 1, 2 and 3 showed the same trend as in experiment 1 (Tables 1, 2) . As a result, only 150/388, 162/ 397 and 133/405 embryos were subjected to cell number analysis in groups 1, 2 and 3. The mean numbers of cells (± standard deviation (SD)) in embryo at each stage of development on Day 7 after fertilization are showed in Table 3 
DISCUSSION
In the present study, CR1aa as the basal medium (Group 1 and Group 2) stimulated embryo development, and significantly higher incidence and faster development to the blastocyst stage was found than in those cultured in Group 3 (Tables 1 and 2 ), but there were no significant differences in the numbers of cells among Groups 1, 2 and 3, except for between blastocyst stage in Group 2 and Group 3 (P<0.05, Table 3 ). When embryos were cultured in modified CR1aa, the numbers of cells was not affected either with nor without cumulus. As the number of cells was considered to be one of the qualitative indicators of embryo development [5, 12, 20] , cultures in Groups 1 and 2 are more appropriate than that in Group 3 for IVM-IVF embryos. The difference may be due to containing 5.56 mM glucose in TCM199 and the difference between CR1aa based media and TCM199 in the development rate and speed depending on the composition of the medium. It was necessary to co-culture with somatic 98 ± 28 (29) b)
Early blastocyst 74 ± 31 (27) 70 ± 44 (11) 27 ( 7) 15 ( 4) Group 2 397 (5) 70 (18) a)
48 (12) 37 ( 9) 7 ( 2) Group 3
405 (5) 32 ( 8) b)
29 ( 7) 40 (10) 31 ( 8) a-b) Values with different superscripts are significantly different (P<0.05). * Number of replicates for experiments.
cells when IVF zygotes developed to the blastocyst stage with TCM199 as the basal medium under a atmosphere of 5% CO 2 in air (7, 9) . Co-culture with somatic cells affects embryo development-not only secretion of growth factors but also glucose reduction caused by their metabolism [7, 27] . Kim et al. [17] reported that supplementation TCM199 with 5.56 mM glucose suppressed embryo development, and the same effect of glucose was reported in other culture media [18, 22, 30, 34] . Therefore, it is considered that glucose as a component of TCM199 delays and reduces the development of embryos in vitro.
In the present study, the rate of developmental to blastocysts by Day 7 in Group 3 (42%) was lower than that in Groups 1 and 2 (58%, 60%). Nevertheless, the post-thaw viability of embryos cultured in either Group 1 or Group 2 was lower than that of embryos cultured in Group 3. This higher post-thaw viability of blastocysts from Group 3 may not result from the differences in development speed and the numbers of cells. Because, in in vitro culture, bovine blastocysts produced by Day 7 after insemination contained a greater number of cells and had better post-thaw viability than those of blastocysts on Day 8 [5, 31] . The results of the present study agreed with previous reports which achieved better post-thaw viability in TCM199 [28] . There are several reports stating that there were changes in viability after freezing and thawing in embryos which were produced in vivo and in vitro [16, 19, 33] , co-cultured with different types of somatic cells [14, 36] , cultured in medium supplemented with or without serum [26] and supplemented with ascorbic acid [35] or insulin-transfferin-selenium [33] in the culture medium. All previous reports suggested that embryos produced in vitro were more sensitive to low temperature and had poorer cryotolerance than those produced in vivo. There are two hypotheses: that the lipid concentration in embryonic cytoplasm increased during in vitro culture [1, 3, 6] and lipid peroxidation occurred in the cell membrane during in vitro culture, freezing and thawing [11, 26] . Tarin and Trounson [35] reported that inhibition of lipid oxidation in lipids was responsible for embryo viability after freezing and thawing. Although TCM199, which was used in the present study, contains anti-oxidants such as ascorbic acid and α-tocopherol, modified CR1aa does not originally contain any anti-oxidant. Consequently, embryos cultured in modified CR1aa in the present study might have had their cell membranes damaged during in vitro culture, freezing and thawing. The damage may induce irreversible hyperoxidation on the cell membrane, which consists of phospholipids.
In conclusion, compared with TCM199, modified CR1aa medium improved the rate of embryo development to the blastocyst stage in cultures for bovine IVM-IVF oocytes, but the post-thaw viability of embryos cultured in modified CR1aa medium was lower than that of embryos cultured in TCM199. Different factors are involved in the in vitro culture of IVM-IVF oocytes for the improvement of developmental competence and cryotolerance. Further study is needed to clarify factors affecting the freezability of in vitro produced bovine embryos. Only blastocysts, which developed on days 7 and 8 after fertilization, were used in Experiment 3. * Number of replicates for experiments. ** The blastocysts which were developed by same culture method as Group 1, were cultured in TCM199 supplemented with 20% FCS and 0.1 mM β-mercaptoethanol without freezing and thawing.
